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ABSTRACT
Context. IRC+10420 and AFGL 2343 are the unique, known yellow hypergiants (YHGs) presenting a heavy circumstellar envelope (CSE).
Aims. We aim to study the morphology, exceptional kinematics, and excitation conditions of their CSEs, and the implications for mass-loss
processes.
Methods. We have mapped the 12CO J=2−1 and 1−0 emission in these YHGs with the IRAM Plateau de Bure interferometer and the 30m
telescope. We developed LVG models in order to analyze their circumstellar characteristics.
Results. The maps show that the overall shape of both CSEs is approximately spherical, although they also reveal several aspherical features.
The CSE around IRC+10420 shows a rounded extended halo surrounding a bright inner region, with both components presenting aspherical
characteristics. It presents a brightness minimum at the center. The envelope around AFGL 2343 is a detached shell, showing spherical sym-
metry and clumpiness at a level of ∼ 15% of the maximum brightness. The envelopes expand isotropically at ∼ 35 km s−1, about two or three
times faster than typical CSEs around AGB stars. High temperatures (∼ 200 K) are derived for the innermost regions in IRC+10420, while
denser and cooler (∼ 30 K) gas is found in AFGL 2343.
Conclusions. The mass-loss processes in these YHGs have been found to be similar. The deduced mass-loss rates (∼ 10−4–10−3 M yr−1) are
much higher than those obtained in AGB stars, and they present significant variations on time scales of ∼ 1000 yr.
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1. Introduction
Yellow hypergiants (YHGs) are among the most luminous and
massive stars (see, as general references, de Jager 1998; Jones
et al. 1993; and Humphreys 1991). They are thought to have lu-
minosities in the range 5.3 ≤ logL (L) ≤ 5.9 and initial masses
higher than ∼ 20 M. These objects are post-red supergiants
that are undergoing a poorly known, but likely complex evo-
lution. Some theories propose that some YHGs may evolve
redwards in the future; but the stellar temperature is rapidly
increasing in at least a few of them. For instance, the spectral
type of the hypergiant IRC+10420 has changed from F8Ia to
A5Ia in just 20 yr (Klochkova et al. 1997).
It is thought that during the red and yellow phases, these
heavy stars eject as much as one half of their initial mass
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(e.g. Maeder & Meynet 1988; de Jagger 1998). This mass
loss should then be determinant in their subsequent evolution,
eventually leading to a supernova explosion. However, most
of the well studied YHGs only show faint traces of circum-
stellar material. Massive circumstellar envelopes have been de-
tected in molecular line emission, dust-scattered light, and IR
emission, only around IRC+10420 (= IRAS 19244+1115) and
AFGL 2343 (= IRAS 19114+0002=HD179821); see Hawkins
et al. (1995), Meixner et al. (1999), Bujarrabal et al. (1992,
2001), Neri et al. (1998), and Castro-Carrizo et al. (2001a).
From 13CO mm-wave single-dish data, Bujarrabal et al. (2001)
and Castro-Carrizo et al. (2001a) measured very high circum-
stellar masses, of a few M (assuming distances compatible
with the high mass and luminosity expected in YHGs). CO
lines also reveal quite high expansion velocities, ∼ 35 km s−1.
Taking into account that the ejection time is expected to be <
104 yr, the mass-loss rate at which such molecular shells were
formed must be extremely high, ∼ 10−3 M yr−1. Other prop-
erties of these molecular shells, like their shape and chemical
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composition, have not been studied very closely. We do not
know if such massive ejections occur in most YHGs, during
discrete events (or at least in strongly variable processes), or
whether they just appear in some objects. Therefore, we cannot
assess yet, from an observational point of view, to what extent
mass ejection plays a major role in the evolution of YHGs as a
whole, and not only in a few objects, which could be following
a rather different (and perhaps faster) evolution.
The structure of the envelopes around IRC+10420 and
AFGL 2343 is not well known yet. Accurate maps of the IR
continuum from AFGL 2343 (Hawkins et al. 1995; Jura &
Werner 1999) show a clearly detached shell about 5′′ in size.
The detached shell is also conspicuous in images of polarized
dust-scattered light (Gledhill et al. 2001a). Claussen (1993) and
Gledhill et al. (2001b) mapped the OH maser emission in this
source, nding a large number of spots distributed over a shell
that is very similar to the one found in the IR.
The information obtained on the structure of the envelope
around IRC+10420 is, however, controversial. From IR imag-
ing and SED analysis, it has been concluded that a large amount
of material exists at angular distances smaller than 1′′ from the
star (Lipman et al. 2000; Blöcker et al. 1999; Oudmaijer et al.
1996). A similar result was deduced by Teyssier et al. (2006)
from the relatively intense CO emission in high-J transitions.
However, HST imaging reveals that the amount of mass in re-
gions closer than ∼ 1-2′′ −though not negligible− is smaller
than expected, suggesting a decrease in the mass-loss rate in
the last ∼ 1000 yr (Humphreys et al. 1997). This is consistent
with observations in thermal SiO emission (Castro-Carrizo et
al. 2001a) that show a shell of ∼ 5′′ in size and ∼ 1.′′5 in inner
radius.
This paper presents a study of the envelopes around
IRC+10420 and AFGL 2343. We have mapped their emission
in the 12CO J=2−1 and 1−0 lines with spatial resolutions ∼
1′′. Models of molecular line emission have been developed to
disentangle the mass ejection history of these objects. As we
will see from our analysis with an LVG code, 12CO emission is
well-suited to measuring the mass of the different circumstel-
lar components and, therefore, the rates of the mass-loss events
that gave rise to them.
Because of the warm photosphere, the presence of a cir-
cumstellar envelope and the bluewards evolution, IRC+10420
and AFGL 2343 have sometimes been associated with or classi-
ed as post-AGB stars; see discussions by e.g. Josselin & LŁbre
(2001), Reddy & Hrivnak (1999), and Kastner & Weintraub
(1995). In fact, even assuming very high initial masses, if the
stellar temperature of an object like IRC+10420 continues in-
creasing, the surrounding shell will soon be ionized by the stel-
lar radiation and become a planetary nebula with an extremely
high luminosity. This discussion probably persists because
the distance, mainly for AFGL 2343, is poorly known. From
Hipparcos parallax measurements, the distance to AFGL 2343
is ∼ 5.6 kpc; the poor quality of these data led Josselin & LŁbre
(2001) to propose that this object could be a normal PPN at
a shorter distance. The distance to IRC+10420 has been care-
fully studied (see de Jager 1998, Jones et al. 1993), however,
and we assume it to be ∼ 5 kpc.
We will assume in this paper that IRC+10420 and
AFGL 2343 are both hypergiants and therefore the mentioned
distances apply. As we will see, our molecular data tend to con-
rm this hypothesis, since the properties deduced from the lines
in these objects are quite similar among them and signicantly
different from those of PPNe and CSEs of AGB stars.
2. Observations and imaging of 12CO J=2−1 and
1−0
We have mapped the emission of the transitions 12CO J=1−0
and J=2−1 in the yellow hypergiants (YHGs) AFGL 2343 and
IRC+10420. Observations were performed with the Plateau de
Bure interferometer. Data were also obtained with the 30m tele-
scope in order to recover the ux ltered out by the array.
2.1. Observations with the Plateau de Bure
interferometer
We observed the emission of the rotational transitions of
12CO J=2−1 at 1.3 mm (230.538GHz) and J=1−0 at 2.6 mm
(115.2712GHz) in IRC+10420 and AFGL 2343 with the
IRAM interferometer at Plateau de Bure (PdB, France). The
interferometer consists of 6 antennas of 15 m in diameter
with dual-band SIS heterodyne receivers. Observations of
both sources were carried out in the so-called track-sharing
mode by observing the two sources in one track in congu-
rations 6Cp (in March 2002) and 6Dp (in March 2003); pro-
jected baselines ranged from 16 m to 196 m. IRC+10420 was
observed at the position coordinates (J2000) 19h26m48.s10,
+11◦21′17.′′0, and AFGL 2343 at 19h13m58.s60,+00◦07′32.′′00.
3C 273 and MWC 349 were observed to calibrate the absolute
ux, 1923+210, 1749+096, and 1741−038 to calibrate visibil-
ity phases and amplitudes. The accuracy of the ux calibra-
tion is within 10% at 3 mm and 20% at 1 mm. The calibration
and data analysis were performed in the standard way using the
GILDAS1 software package.
No continuum emission was detected in AFGL 2343, nei-
ther at the frequency of CO J=1−0 nor at that of J=2−1 above a
noise (rms) level of 0.6 and 0.8 mJy beam−1, respectively. For
IRC+10420, however, marginally resolved, continuum emis-
sion was detected at 2.6 mm at a level of 8.5 mJy beam−1 (14
× rms, the integrated ux being 12mJy) and at 1.3 mm at a
level of 13 mJy beam−1 (17 × rms, the integrated ux equal to
26mJy). These values were obtained by averaging all the chan-
nels with no line emission, up to a total bandwidth of 0.5 GHz
at 3mm and 1 GHz at 1 mm.
Finally, in order to verify the good quality of the calibra-
tion, it was checked that no elongation or halo exist around the
calibrators mapped from the data of each track. Therefore, it is
not expected to have any spurious contribution from the cali-
bration above the dynamic range.
1 See http://www.iram.fr/IRAMFR/GILDAS for more information
about the GILDAS software.
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2.2. Merging with short-spacing 30m-telescope data
We performed on-the-y (OTF) observations of the 12CO
J=2−1 and 1−0 emission in IRC+10420 with the 30m IRAM
telescope located at Pico Veleta (PV, Spain). We aimed at re-
covering the short-spacing data ltered out by the interferome-
ter, i.e. with uv-radii smaller than 15m. The observations were
carried out in May 2005, on two consecutive days. In order
to verify the calibration of our observations, line proles at
the center of IRC+10420 and of the CO-bright post-AGB star
CRL 2688 were obtained on both days. It is worth noting that
the 3mm and 1mm proles were found to be, respectively, 6%
and 9% stronger than those in Bujarrabal et al. (2001, here-
after B01). The OTF data were analyzed with the CLASS soft-
ware package and merged to the PdB visibilities. A eld of 80′′
containing the whole circumstellar emission was mapped. In
Fig. 1, CO J =21 short-spacing and interferometric visibilities
of IRC+10420 are plotted. By comparison, the ux obtained
when pointing with the 30m telescope at the nebular center is
shown, indicating the need to map a larger eld to recover the
ux from the outermost parts of the nebula. The tting of the
amplitudes of the short-spacing and the interferometric visibil-
ities is satisfactory at the uv−plane interface (at uv−radius =
15 m) from the original data sets, so no additional calibration
factors were applied. The prole with the total CO J=2−1 ux
emitted by IRC+10420 is shown in Fig. 8. (For CO J=1−0 the
total ux is shown in the proles published by B01.)
The percentage of ux lost in the interferometric observa-
tions of AFGL 2343 is ∼ 3040%, as deduced by comparison
with the proles obtained at PV (B01). When adding the zero-
spacing B01 data to the PdB visibilities, the size of AFGL 2343
is found to be very similar at both frequencies and slightly
smaller (but close) than the PV beam (at half power) at 1mm.
This, and the comparison with the same analysis made for
IRC+10420, leads us to conclude that the amount of ux lost
in the PV proles of AFGL 2343 (from B01) is probably quite
small at 1mm, if there is any at all. Therefore, in order to re-
cover the ux ltered out by the interferometer, we just added
the strict zero-spacing data published by B01 to the PdB visi-
Fig. 1. 12CO J=2−1 visibilities (their real part vs. uv−radius) obtained
for IRC+10420, at the LSR velocity of 75 km s−1. A dotted verti-
cal line at a uv−radius of 15 m separates the PdB data from the 30m
OTF observations. The flux collected in the beam of the 30m tele-
scope towards the center of IRC+10420 is shown at the zero-spacing,
at uv−radius = 0 (marked with a cross).
bilities. For consistency with the ux calibration adopted from
the OTF IRC+10420 observations, the ux of the CO J=1−0
and 2−1 PV proles of AFGL 2343 have been increased by 6%
and 9%, respectively.
The maps of CO J=2−1 and 1−0 from merging PV
and PdB data are shown, respectively, in Figs. 2 and 3 for
IRC+10420, and in Figs. 4 and 5 for AFGL 2343. The conver-
sion factors from ux units to main-beam brightness tempera-
ture (Tmb) units are, at 1.3 mm and 2.6 mm respectively, 12.0 K
per Jy beam−1 and 11.2 K per Jy beam−1 for the IRC+10420
maps, and 11.0 K per Jy beam−1 and 10.1 K per Jy beam−1 for
the AFGL 2343 maps. We resampled the velocity channels to a
nal velocity resolution of 5 km s−1 for both transitions.
3. Analysis of the 12CO mapping; aspherical
components
The main common property of the 12CO line proles in both
YHGs, IRC+10420 and AFGL 2343, is their large width, i.e.
their CSEs are expanding at high velocities with respect to
CSEs of typical AGB stars, ∼ 10-15 km s−1(see e.g. Loup et
al. 1993 and Ramstedt et al. 2006). The CO maps in Figs. 2
5 show that the envelopes of both YHGs are approximately
spherical, so their circumstellar mass was ejected more or less
isotropically; this is assumed in the modeling and discussed in
Sect. 4. There are, however, some remarkable deviations from
sphericity in the maps of both sources, which we analyze in
more detail in the following sections.
3.1. IRC +10420
The CO maps in Figs. 2 and 3 show brightness distributions
that are not completely circularly symmetric. First, the north-
ern part of the envelope is considerably brighter than the south-
ern regions, as can be seen in the central channels of the maps.
Note that the southern less-bright region is very wide. To our
knowledge, no aspherical structure as extended as this has been
observed in the brightness distribution of AGB CSEs so far
and have not been predicted by mass-loss models. Note that
IRC+10420 is not an AGB star and that, for instance, the ex-
pansion velocity of its CSE (∼ 35 km s−1) is much higher than
for typical AGB stars.
Second, at velocities between 60 and 75 km s−1, a bright
component, which is elongated along an axis of PA ∼ −115◦
(see Fig. 6), is visible in the brightness distributions at 3 and
1mm. This elongation is possibly linked to the presence of a
bipolar outow, expanding along an axis close to the sky plane.
There is no clear counterpart to this feature at red-shifted veloc-
ities, although a certain brightness increase is perceived close
to the star in the northeastern direction at ∼ 100 km s−1.
Third, in the innermost regions of the CO J=2−1 maps, in
channels with LSR velocities from 70 km s−1 to 95 km s−1, we
see two bright clumps located along an axis at PA ∼ 72◦. They
leave a relative brightness minimum at the CSE center, which
suggests that there is a minimum in the mass distribution at the
nebula center (see Sect. 4). The comparison of the position and
shape of these bright knots with the synthetic beam suggests
that a disk-like distribution may be embedded in the innermost
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Fig. 2. Combined PdBI + 30m-telescope channel maps of the 12CO J=2−1 emission in IRC+10420 (J2000 central coordinates: 19h26m48.s10,
+11◦21′17.′′0). LSR velocities (in km s−1) are indicated in the upper left corner of each box. The first contour and level step are at 11×σ =
0.14 Jy/beam. There are no negative contours at −0.14 Jy/beam. The CLEANed beam (at half-power level), of size 1.′′5×1.′′3 (FWHM) and
position angle (PA) 120◦, is drawn in the bottom right corner of the last panel.
Fig. 3. Combined PdBI + 30m-telescope channel maps of the 12CO J=1−0 emission in IRC+10420 (same central coordinates as in Fig. 2).
LSR velocities (in km s−1) are indicated in the upper left corner of each box. The first contour and level step are at 5×σ = 0.05 Jy/beam. There
are no negative contours at −0.05 Jy/beam. The CLEANed beam (at half-power level), of size 3.′′1×2.′′6 (FWHM) and PA 77◦, is drawn in the
bottom right corner of the last panel.
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Fig. 4. PdBI (+ zero-spacing) maps of the 12CO J=2−1 emission in AFGL 2343 (J2000 central coordinates: 19h13m58.s60, +00◦07′32.′′00). LSR
velocities (in km s−1) are indicated in the upper left corner of each box. The first contour and level step are at 14×σ = 0.2 Jy/beam. A negative
level at −0.2 Jy/beam is shown in dashed contours. The CLEANed beam (at half-power level), of size 1.′′5×1.′′3 (FWHM) and PA 158◦, is drawn
in the bottom right corner of the last panel.
Fig. 5. PdBI (+ zero-spacing) maps of the 12CO J=1−0 emission in AFGL 2343 (same central coordinates as in Fig. 4). LSR velocities (in
km s−1) are indicated in the upper left corner of each box. The first contour and level step are at 11×σ = 0.12 Jy/beam. There are no negative
contours at −0.12 Jy/beam. The CLEANed beam (at half-power level), of size 3.′′1×2.′′9 (FWHM) and PA 42◦, is drawn in the bottom right
corner of the last panel.
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Fig. 6. The average of the brightness at 65 and 70 km s−1 for CO
J=2−1 (from Fig. 2; here on the left) and CO J=1−0 (from Fig. 3;
here on the right) for IRC+10420. In order to emphasize the presence
of a bright clump elongated towards the southwest direction, we have
plotted contours at 0.2, 0.5, 0.6, 0.7, and 0.96 Jy/beam for CO J=2−1
and at 0.1, 0.25, 0.35, and 0.45 Jy/beam for CO J=1−0.
Fig. 7. CO J=2−1 position-velocity diagram of IRC+10420 along
an axis at PA 72◦, passing through both innermost brightness peaks.
Offsets from 0 to 15′′ in the vertical axis correspond to offsets in the
axis at PA 72◦ from east to west in the maps in Fig. 2. Contours are
plotted every 0.2 Jy/beam, from 0.2 to 1.4 Jy/beam, and at the intensity
levels of 1.5, 1.55, 1.57, and 1.6 Jy/beam.
shell. The knots do not seem to be due to the convolution of a
shell distribution with the elongated synthetic beam since they
are not aligned with it. In Fig. 7 we have plotted a position-
velocity diagram along the axis at PA 72◦, passing through both
clumps. A symmetrical pattern is observed for the two brightest
features found in this diagram, which are separated up to 0.′′4
from the center in opposite directions. Compatible features are
observed for the same position-velocity diagram in CO J=1−0
maps. Given their high relative velocities (with respect to the
systemic velocity, V∗), we cannot propose Keplerian rotation
for this innermost gas, since this would require too high a cen-
tral mass (∼ 1000M). An expanding disk (or torus) embedded
in the innermost shell or/and some oblateness in the CSE could
explain such a structure and seem a more reasonable explana-
tion.
Finally, we investigated the asymmetry observed in the
CO proles (see Fig. 8). The extra emission responsible for
the non-centered prole peak does not result from the bright
elongation observed between 60-70 km s−1 (see Fig. 6), but it
comes from the whole CSE. This asymmetry seems to come
from a lack of emission at velocities higher than 70 km s−1,
Fig. 8. Top: Averaged CO J=2−1 emission, divided by a solid line in
three regions, labeled as C, E, and W. Bottom: On the left, the pro-
file obtained from integrating the whole nebular emission (solid line)
and the total emission from the C-labeled region (dashed line). On the
right, the flux coming from the E- (dashed line) and W-labeled (dotted
line) regions.
mainly from the westernmost (W-labeled) hemisphere (see Fig.
8).
3.2. AFGL 2343
The CO maps in AFGL 2343 (Figs. 4 and 5) present a shell-like
brightness distribution that is quite uniform for a given radius.
The central velocity maps at 1mm, however, show the pres-
ence of clumpiness. Clumps were also observed, e.g., in the de-
tached shells around the AGB stars S Sct and TT Cyg (Olofsson
et al. 1992, 2000). Several reasons have been brought up to ex-
plain clumpiness in CSEs of AGB stars (i.e. Woitke et al. 2000;
Schirrmacher et al. 2003; Socker 2002; Bergman et al. 1993),
although they have not yet been parametrized into mass-loss
models to reproduce observations.
In addition to the clumps, although perhaps related to them,
there is an increase in the brightness distribution for both tran-
sitions in the upper part of the shell (see Fig. 5). By convolving
the 1mm maps with the synthetic beam obtained at 3mm, we
obtain CO J=2−1 maps that are very compatible with those
observed in CO J=1−0.
Finally, at the lowest-intensity contours, a marginal elonga-
tion is detected in the CO J=1−0 maps in the southeast direc-
tion. A wider dynamic range and perhaps proper short-spacing
observations would allow this to be conrmed.
4. Nebula emission model
We used a radiative transfer code to model the CO J=2−1 and
1−0 emission of the two YHGs: AFGL 2343 and IRC+10420.
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High-J CO transitions (from Teyssier et al. 2006) were also
taken into account in the modeling of IRC+10420. In view
of the more or less spherical, though not always very regular,
shapes of the CO emission distributions, we assumed spherical
symmetry and isotropic expansion. Line excitation and level
populations are calculated using a standard LVG approach.
Radiative excitation considers the IR emission by the star and
the innermost circumstellar dust through the CO ∆ν=1 vibra-
tional transitions at 4.7 µm, following the method already de-
scribed by Teyssier et al. (2006). The IR emission is assumed
to be that of a black body whose total intensity is adjusted to
yield the observed ux at this wavelength; we note that the as-
sumed frequency dependence has a negligible effect on the cal-
culations, since the relative variation in the frequency of the
different rovibrational components is very small. Collisional
excitation is also accounted for using coefficients calculated by
Flower (2001) and an abundance of ortho-H2 three times that of
para-H2. We also took into account the extrapolation to higher
values of the temperature and J-numbers in the Leiden Atomic
and Molecular Database2 (LAMDA; see Schöier et al. 2005).
We note that this extrapolation has little effect on our calcula-
tions, in any case, because the temperatures in our sources are
moderate, only exceeding 400 K in the innermost layers around
IRC+10420. The level populations so determined are used to
derive emission and absorption coefficients. The brightness dis-
tribution is calculated by solving the standard radiative transfer
equations and is later convolved with a Gaussian beam, yield-
ing main-beam Rayleigh-Jeans-equivalent temperatures, Tmb,
directly comparable to the observations. In this process, we as-
sume both a macroscopic velocity and a local velocity disper-
sion (due to thermal or turbulent movements).
In the model, the density distribution is given by an
isotropic mass-loss rate ( M) and the expansion velocity (Vexp).
The temperature at a given radius r is described by a poten-
tial law, as usually assumed for AGB circumstellar envelopes:
Tk(r) = T (ro) × (r/ro)−αt + Tmin. The thermodynamics of the
gas around YHGs is not well known; potential temperature
laws have been shown to be a reasonable approximation for
AGB circumstellar envelopes and are known to be compatible
with CO observations in such sources (e.g. Schöier & Olofsson
2001; Teyssier et al. 2006, and references therein). The local
velocity dispersion is described assuming a Gaussian disper-
sion given by a standard deviation σturb. All these parameters
are assumed to be constant within nite shells, and sequences
of shells with different parameter values are introduced to re-
produce variations in the mass-loss history. The inner and outer
radii of the different shells (Rin, Rout), the logarithmic velocity
gradient (), and the relative CO abundance (XCO) are other in-
put parameters in our code. XCO is assumed to be 3 10−4 and
constant in the envelopes. The code and approximations are de-
scribed in more detail by Teyssier et al. (2006).
4.1. Model-fitting results
Since we are assuming spherical symmetry, we have tted with
our model the azimuthal average of the brightness distributions
2 http://www.strw.leidenuniv.nl/∼moldata/
shown in Sect. 2, Tmb(r). Note, however, that IRC+10420 in
particular shows signicant departures from circular symmetry
(see Figs. 2 and 3, and Sect. 3.1). In modeling IRC+10420 we
assumed an uncertainty of 10% in the relative ux calibration
of both lines.
Model predictions that simultaneously t the Tmb(r) of both
transitions, CO J=1−0 and 2−1, are derived for several LSR
velocities. Most of our results are deduced from modeling at
the central velocities, in which the structure of the envelope is
most obvious. Nevertheless, tting data at extreme velocities
provides crucial information on the velocity elds in the differ-
ent nebular components.
The HPBW used in the modeling of each map is a circu-
lar approximation (with the same area) of the slightly-elliptical
synthetic beams obtained in the CLEANing process (see Sect.
2). For IRC+10420, the HPBW of the assumed circular beam
is 2.′′86 and 1.′′39 for CO J=1−0 and 2−1, respectively. For
AFGL 2343, it is 3.′′02 for CO J=1−0 and 1.′′44 for CO J=2−1.
The parameters of the model best-tting our data are shown
in Tables 1 and 2. Figures 9 and 10 show the observations com-
pared with model predictions for the central velocity channels
and for both CO transitions, in AFGL 2343 and IRC+10420 re-
spectively, on the left. The mass-loss history deduced for each
source is shown on the right.
In AFGL 2343 we have identied several shells (see Fig.
9) in our model. They correspond to a main mass-loss phase,
followed in time by a very sharp mass-loss decrease. A very
high mass-loss rate is found in the main shell, shell 2 in Table
1, which is likely what is responsible for the formation of the
ring-like structure shown in the CO J=2−1 map. The emission
in this dense region is opaque, and therefore the deduced mass-
loss rate is probably just a lower limit. Shell 3 can be seen as
a connection between shells 2 and 4, showing the increase in
the mass-loss rate. Low temperatures are found, especially in
the densest regions of the envelope. αt is deduced to be low,
denoting a slow variation in the temperature with radius.
The envelope of IRC+10420 is less dense than that of
AFGL 2343. The temperature in the innermost regions is higher
than in AFGL 2343, but in the outermost regions it becomes
similar due to the higher value derived for αt. The mass-loss
rate found is not as high as in the previous source, but is high
compared with standard evolved nebulae. Two different peri-
ods of mass loss are needed to t the data, separated by a short
phase of much lower mass loss. We have mentioned that the
circumstellar envelope in IRC+10420 is roughly circular on a
large scale, but shows many clumps and a signicant substruc-
ture. Our tting with a spherically symmetric model certainly
helps in getting an idea of the mass-loss history of the source,
but is obviously too simplistic to reproduce the details of the
brightness distribution. See Fig. 11 and discussions in Sects.
3.1 and 4.2.
The main problem we have found in our tting is in how the
source size varies with the observed velocity (Vobs). The source
size is predicted for each spherical elementary shell, with char-
acteristic radius Rs, and must yield an increase in brightness
for velocities close to the extreme ones. We have to take into
account that the observed radius of a shell varies with Vobs:
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Fig. 9. Left: Azimuth-averaged brightness distribution (in dashed lines) compared with model results (solid lines) for AFGL 2343, at VLSR = 95
km s−1. CO J=1−0 data are plotted in grey, J=2−1 data in black. Right: Mass-loss pattern found for AFGL 2343.
Fig. 10. Left: Azimuth-averaged brightness distribution (dashed lines) compared with the model results (solid lines) for IRC+10420, at VLSR =
75 km s−1. CO J=1−0 data are plotted in grey, J=2−1 data in black. Right: Mass-loss pattern found for IRC+10420.
Table 1. Parameters of the best fit for AFGL 2343.
Shell Rin (cm) Rout (cm) M˙(M yr−1) T (ro = 1017cm) (K) αt Vexp(km s−1) σturb(km s−1) 
1 1 1015 1.3 1017 4 10−5 29 0.5 35 3 0.1
2 1.3 1017 2.5 1017 3 10−3 13 0.5 35 3 0.1
3 2.5 1017 2.6 1017 9 10−4 21 0.7 35 3 0.1
4 2.6 1017 5 1017 3 10−4 40 0.7 35 3 0.1
Tmin = 8 K remains the same for all the assumed shells. (See the description of the parameters in Sect. 4.)
Table 2. Parameters of the best fit for IRC+10420.
Shell Rin (cm) Rout(cm) M˙(M yr−1) T (ro = 1017cm) (K) αt Vexp(km s−1) σturb(km s−1) 
1 2.5 1016 1.24 1017 3 10−4 230 1.2 37 3 0.1
2 2.2 1017 5.2 1017 1.2 10−4 100 0.8 25 20 0.3
Tmin = 3 K remains the same throughout the whole envelope. (See the description of the parameters in Sect. 4.)
R(Vobs) = Rs
√
1 − (Vobs−V∗)2V2exp . In a resolved CSE, the ratio be-
tween Tmb(Vobs , V∗) and Tmb(Vobs = V∗) must be at its max-
imum for optically thin emission and tends to 1 for optically
thick lines. In the azimuth-averaged brightness of IRC+10420,
this ratio is, however, signicantly lower than 1 for several val-
ues of Rs (within the outer shell), R and Vobs (related by the
above formula), so our model cannot reproduce the emission
for such high velocities. We think that this is due to the fact
that the coherence lengths3 for extreme velocities in the ac-
tual envelope are smaller than the large lengths expected un-
der spherical symmetry, due to the high clumpiness character-
3 In a given direction, the distance in which the change of the pro-
jected macroscopic velocity is small enough to allow radiative inter-
action.
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Fig. 11. Brightness distributions of the CO J=2−1 (upper) and 1−0
(bottom) emissions in IRC+10420 (from maps in Figs. 2 and 3) along
six axes, starting from the nebula center and equidistant. On the left, in
dashed lines, data for the northwestern axes at PA 5◦, 305◦, and 245◦
(coinciding with the elongation emphasized in Fig. 6). On the right, in
dashed lines, data for the southeastern axes at PA 65◦, 125◦, and 185◦.
Averages of the data shown in each plot in dashed lines are presented
in solid lines.
istic of IRC+10420. Such a phenomenon can only be intro-
duced in our model assuming a very high value of σturb. We
can reproduce the observed variations in the brightness distri-
butions with Vobs if we take σturb ∼ 20 km s−1 for the outer
shell of IRC+10420 (while the expansion velocity in this shell
decreases to about 25 km s−1). We are aware that this probably
does not correspond to the real situation, but is more related to
clumpiness, and so our assumption on σturb could just serve to
check that our hypothesis about the limits to the actual coher-
ence lengths is likely to be true. Note that the fact that the value
of σturb in our model for the second shell is comparable to the
expansion velocity can be translated into the coherence length
being severely limited by clumpiness in the actual envelope for
all Vobs.
The outermost radius derived for both envelopes,
AFGL 2343 and IRC+10420, is almost the same and the
time scales of the mass-loss phases are similar. The innermost
shell of IRC+10420 is comparable to the one detected in SiO
emission by Castro-Carrizo et al. (2001a). This SiO shell was
found to extend from 0.9 1017cm to 1.4 1017cm, which is in
the outer zone of the innermost CO shell. This suggests that
the SiO-rich shell could correspond to a shock front associated
to the formation of a densest shell traced by CO.
4.2. Uncertainties in the fitting process
In a complex tting process like the one performed here, it is
difficult to estimate the uncertainties in the values derived for
the parameters (implicitly or explicitly) involved in the model.
Some of them are, however, quite directly deduced from the ob-
servations and are therefore as reliable as the data itself. This is
the case, in particular, for the velocity and extent of the shells
(at least of the main components), given by the total veloc-
ity dispersion and extent of the detected features, respectively.
Therefore, the characteristic times are also quite reliable.
Uncertainties due to the sphericity assumption exist for
IRC+10420 and AFGL 2343, IRC+10420 showing the most
signicant departures from symmetry. As an example, we
present the brightness distribution of CO J=2−1 and 1−0 along
axes in several directions, crossing the nebula center, in Fig. 11.
We see there that the maximum of the emission in all cuts ap-
pears at a distance of about 0.′′5  1′′, with a relative minimum
at the center. In our opinion, this conrms a very signicant
decrease in the mass-loss rate at present, as derived from our
tting of the azimuth-averaged brightness distribution. We also
note that in all the directions there is a secondary maximum
or hump at distances of about 4′′  5′′, a relative minimum of-
ten appearing at about 3′′. This feature appears quite irregular
and signicantly varies between the different cuts. It conrms
that the outermost regions of the envelope are strongly aspher-
ical, but shows that a signicant amount of material is placed
at such a distance from the star, being probably detached from
the intense central component. This material corresponds to the
shell 2 deduced from our tting. The differences in the outer-
most (∼3′′6′′) brightness distribution for the different direc-
tions must be kept in mind to evaluate the uncertainties on the
properties deduced for the outermost detached layer: its exis-
tence is very probable and its total mass is likely to be close to
that given by our tting, but its structure remains poorly known.
Finally, we notice that uncertainties from the quality of the t-
tings are negligible in comparison with those resulting from the
isotropy assumption. In order to show this, we estimated the
standard deviation of the azimuthal Tmb average at each radius.
For distances from the star of 1, 2.5, 4, and 6 × 1017 cm, re-
spectively, we obtain for the average of the AFGL 2343 CO 2
1 Tmb the rms (in K) 1.3, 2.3, 1.0, and 0.4; for the AFGL 2343
CO 10 Tmb the rms 0.5, 1.2, 0.8, and 0.4; for the IRC+10420
CO 21 Tmb the rms 1.7, 2.0, 1.2, and 0.4; for the IRC+10420
CO 10 Tmb the rms 0.5, 0.7, 0.6, and 0.2. Taking these gures
into account, the actual presence and characteristics of shell
3 in AFGL 2343 are uncertain. Shell 1 is somehow needed in
AFGL 2343, although its properties can also be questioned.
We have also discussed in Sect. 4.1 the uncertainties in the
velocity eld of the second shell of IRC+10420 due to the lack
of spherical symmetry.
The mass-loss rates and total envelope mass are affected by
two important factors. 1) The moderately high optical depth is
approximately treated by the LVG model but yields a low de-
pendence of the intensity on the number of emitting molecules.
As usual, the main uncertainty introduced by the optical depth
is a possible underestimate of the total mass. 2) The abundance
of 12CO is poorly known. We have assumed a high value for the
relative abundance, similar to what is often measured in O-rich
AGB shells, but if this molecule is less abundant by some fac-
tor (due perhaps to dissociation), our mass values would also
be underestimated by the same factor.
The masses derived here are 1.2 (for AFGL 2343) and 2
(for IRC+10420) times lower than those measured from 13CO
J=10 by Bujarrabal et al. (2001). This line is very probably
optically thin, but we note that the abundance of 13CO is also
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not well known and that the treatment of the excitation in that
paper is relatively simple.
Our mass values in AFGL 2343 are 1.5 - 2 times lower than
the total masses derived from model tting of the dust emis-
sion (Buemi et al. 2006; Hawkins et al. 1995; Gledhill et al.
2002). In IRC+10420, the comparison is more difficult because
in most cases only mass-loss rates have been calculated from
dust emission observations; in any case, the rates calculated
from IR continuum data are also about a factor 2 higher than
ours (Hrivnak et al. 1989; Oudmaijer et al. 1996). This dis-
crepancy could be due to an underestimate of the total mass in
our calculations or to the existence of a high amount material at
distances >∼ 1018 cm, poor in molecules due to photodissociation
by the interstellar ultraviolet eld, as discussed below (among
other sources of error in such a comparison, like an unexpected
high abundance of grains).
The outer photodissociation radii expected in our sources,
due to the interstellar UV eld, are larger than the total radii
found here. For a shell with an expansion velocity of ∼ 35
km s−1, a CO relative abundance equal to 3 10−4, and mass-
loss rates of 3 10−4 and 1.2 10−4 M yr−1 (corresponding to the
outer shells of AFGL 2343 and IRC+10420, respectively), the
photodissociation theory (Mamon et al. 1988) predicts outer
radii of, respectively, 1018 cm and 6.5 1017 cm. These val-
ues are signicantly higher than those derived from our data,
mainly for AFGL 2343, and much higher than the radii of the
most massive inner shells, suggesting that the shell radii de-
rived here represent a real decrease in the mass-loss rate and
not photodissociation of CO. This conclusion is supported by
the fact that the extent of the envelope around IRC+10420 is
larger towards the north or northwest, more or less in the di-
rection of the galactic plane, from which we would expect the
largest UV radiation. The photodissociation radii are not, how-
ever, much larger than the outermost radii, so we cannot ex-
clude that other outer shells poor in molecules have not been
detected but instead contribute to the total circumstellar mass.
The innermost radii measured here are not expected to be
due to CO photodissociation by the stellar radiation, because of
the cool central stars. ISO observations of atomic lines charac-
teristic of PDRs (Castro-Carrizo et al. 2001b; Fong et al. 2001)
did not yield detections of PDRs around evolved stars with sur-
face temperatures lower than 104 K. In those nebulae, the PDR
mass limits were usually a tiny fraction of the total molecular
mass. Our stars are cooler than 104 K, particularly IRC+10420.
Castro-Carrizo et al. (2001b) observed AFGL 2343 and found
no trace of atomic FIR emission. Images of dust emission (Sect.
1) support the absence of circumstellar material in the inner-
most regions.
It is difficult to determine the temperature law from t-
ting just the observed lines, corresponding to low-energy levels.
Only in the outermost shells, where the temperatures are <∼ 20
K, the tting of the 10 and 21 lines is relevant at this respect.
(On the other hand, this implies that the assumed temperature
law does not strongly affect the mass-loss rate estimates.) To
improve the temperature estimate, we also tried to reproduce
high-J CO lines from Teyssier et al. (2006). The main result
concerns the inner shell of IRC+10420. The high J=65 line
intensity observed in this source requires a high temperature in
the innermost shell, from which this line mainly emits, higher
than ∼ 200 K. But we note that if the empirical datum is over-
calibrated by more than a factor 1.5 (which is improbable but
not impossible at this frequency, see discussion by Teyssier et
al.), a temperature law that is more similar to the one found
in the other shells could be acceptable. In AFGL 2343, where
high-J observations just include upper limits, we have checked
that our model is compatible with these data. In fact, the low
emission at high frequency of this source seems to be due to
the empty inner region.
An important result found here is the existence of inter-
vals of time in which the mass-loss rate of both sources has
been very low, close to zero. We checked that signicant mass-
loss rates strongly affect the model predictions, assuming that
the rest of the parameters do not vary. For the central, almost
empty region in both stars, we nd that the mass-loss rate must
be lower than ∼ 5 10−5 M yr−1 to keep the predictions com-
patible with our maps. A limit ∼ 10−5 M yr−1 is found for the
interface region in IRC+10420, at about 2 1017 cm from the
star, but in this case we recall the uncertainties due to aspheric-
ity in the extended layers. We note that all these values are very
low compared with the mass-loss rates found in the adjacent
regions.
5. Evolution of the circumstellar envelopes around
YHGs
5.1. Kinematical times
Taking the radii of each shell and the deduced expansion ve-
locity into account (Tables 1 and 2), we estimate the duration
of each mass-loss period (see Table 3).
From the kinematical times derived for AFGL 2343 (see
Table 3), we nd that this source had a mass-loss event starting
∼ 4500 yr ago. After ∼ 2200 yr of a high mass-loss rate (3
9 10−4 M yr−1), it increased to an extremely high value (∼ 3
10−3 M yr−1) that was kept constant for ∼ 1000 yr. After that
period the amount of mass expelled to the interstellar medium
strongly decreased and remained constant (∼ 4 10−5M yr−1)
during the last ∼ 1200 yr.
Table 3. Kinematical times deduced for each mass-loss period for
AFGL 2343 and IRC+10420.
AFGL 2343 IRC+10420
Shell∗ M˙ t Shell∗ M˙ t
(M yr−1) (yr) (M yr−1) (yr)
1 4 10−5 1200 0 200
2 3 10−3 1100 1 3 10−4 800
3 9 10−4 90 0 1200
4 3 10−4 2100 2 1.2 10−4 3800
∗ Shells with larger reference numbers were formed before.
The mass-loss pattern of IRC+10420, shown in Fig. 10,
reveals the existence of two (probably separated) shells formed
in the past ∼ 6000 yr. One shell is wider and farther away from
the star, and the other is narrower and closer to it. The rst
mass-loss episode (1.2 10−4 M yr−1) lasted ∼ 3800 yr and is
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responsible for the extended component found in the CO maps.
After this time, the mass loss (almost) stopped for around 1200
yr. Another important mass-loss period (3 10−4 M yr−1) then
started, lasting ∼ 800 yr and resulting in the innermost shell,
apparently very close to the region where SiO is detected. The
mass loss seems to have stopped in the past ∼ 200 yr.
5.2. Circumstellar mass in YHGs
The total masses deduced for the circumstellar envelopes of
these YHGs are ∼ 4 M for AFGL 2343 and ∼ 1 M for
IRC+10420. Note that these values are lower by a factor 1.2
and 2 than those obtained by B01 from data of the two rst
rotational transitions of 13CO (Sect. 4.2). This difference may
be due to opacity effects, which affect 12CO more than any
other isotopic species. It is also possible, however, that these
massive O-rich sources present a particularly high 13C abun-
dance. Our mass values are also signicantly lower than those
obtained from dust emission analysis; see further discussion in
Sect. 4.2.
In order to compare the mass of the circumstellar environ-
ment characteristic of YHGs, we used the IR emission at 60 µm
from the IRAS catalog; see Table 4. In this table, we can see
that IRC+10420 and AFGL 2343 are by far the YHGs with the
highest infrared emission. These two sources show very mas-
sive circumstellar envelopes, probably rare among YHGs.
Table 4. Infrared flux (F) at a wavelength of 60µm for YHGs at dis-
tances D∗
source other name F60µm(Jy) D∗(kpc)
IRC+10420 - 718 5.0
AFGL 2343 HD 179821 516 5.6
HD 119796 HR 5171 A 127 3.6
KY Cyg IRC+40415 50.7 –
MWC 300 IC 6-23 41.1 0.5
HD 212466 RW Cep 27.4 0.8
HD 80077 - 3.74 1.25
HD 96918 V382 Car 1.10 1.8
HD 224014 ρCas 0.912 3.6
HD 74180 HR 3445 0.717 0.95
HD 223385 6 Cas 0.517 5
HD 217476 HR 8751 0.463 6.7
∗ Distances derived from Hipparcos data except for IRC+10420
(from de Jager, 1998).
The expansion velocities deduced for AFGL 2343 and
IRC+10420 are∼ 35 km s−1, which are much higher than those
usually found in AGB circumstellar envelopes. Such high ve-
locities are also found in planetary and protoplanetary nebulae,
but are related to fast bipolar ows carrying much less mass
than the envelopes around YHGs.
In order to nd out if such fast and massive ows can
be driven by radiation pressure, the P/(L /c) relation is used,
where P is the linear momentum (in fact a scalar magnitude, see
discussion in e.g. B01) and L is the stellar luminosity. The rela-
tion P/(L /c)(yr) must be comparable to the time during which
the envelopes were formed. Since the momentum depends on
the mass of the envelope, we take the mass deduced from the
13CO emission into account; luminosities are taken from B01.
The values found range between P/(L /c) ∼ 2 103 yr and ∼ 104
yr. Taking the effects of multiple scattering by dust grains into
account, which could increase the pressure acting onto grains,
these times are compatible with the times deduced for the for-
mation of these envelopes, which are (see Sect. 5.1) ∼ 2  4
103 yr. The fast massive outows detected in IRC+10420 and
AFGL 2343 can therefore be driven by radiation pressure, con-
trary to what is obtained for fast post-AGB outows.
5.3. Discussion; mass loss in YHGs
A similar episodic mass loss is found in both YHGs. Both
sources show periods of enhanced mass loss separated by
phases with a low or even negligible mass-loss rate, result-
ing in the detached shells observed. The characteristic times
of the phases of mass loss are a few thousand years for both
envelopes. Such events may be part of the evolution of YHGs.
The YHGs are supposed to nd an instability region
during their bluewards evolution called the yellow void
(Niewenhuijzen & de Jager 1995). In the boundary of this re-
gion, the value of the effective gravity force, geff, approaches
zero and becomes negative as the star gets into the instability
region. When a pulsating hypergiant reaches the yellow void,
stellar pulses can be strongly enhanced resulting in an episode
of enhanced mass loss. As the star loses mass, its effective tem-
perature decreases, so it moves redwards in the HR diagram,
leaving the yellow void and ending the mass loss. Then, the
temperature starts to increase moving the star bluewards again
and, nally, it comes in contact with the yellow void once more.
This process is called ’bouncing against the yellow void’.
A short-period bouncing against the void has been pro-
posed by de Jager (1998) for the hypergiant HR 8752. For this
source, two periods of mass loss were found within ∼ 30 yr
from the broadening of IR lines (Smoli·nski et al. 1989). The
mass of circumstellar material found for this source is quite
low (Smoli·nski et al. 1977), so the mass-loss processes pre-
sented by this source are much weaker than in AFGL 2343 and
IRC+10420. If the circumstellar shells found here, which are
exceptionally massive compared to those in other YHGs (see
Sect. 5.2 and Table 4), are the result of a bouncing against the
yellow void, AFGL 2343 and IRC+10420 should enter deep in
the instability region and reach a negative enough value of geff
to drive to the very high mass-loss rates found. This large ejec-
tion of material would result in a large decrease in Teff. These
wide movements in the HR diagram could explain the long time
scales found in the mass-loss episodes in our sources.
The rarity of the presence of massive envelopes in the
YHGs might be due to an exceptional evolutionary path fol-
lowed by AFGL 2343 and IRC+10420, like a long period
bouncing, or to being at a different evolutionary status from
the other hypergiants.
6. Conclusions
1. We mapped the emission of the transitions 12CO J=1−0
and J=2−1 in the yellow hypergiants (YHGs) AFGL 2343
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and IRC+10420. Observations were performed with the
Plateau de Bure interferometer. Data were also obtained
with the 30m telescope in order to recover the ux ltered
out by the array.
2. Our maps present a detached shell in AFGL 2343, show-
ing a noticeable clumpiness. For IRC+10420, an inner de-
tached shell was also detected, which approximately corre-
sponds to the SiO emitting shell found by Castro-Carrizo
el al. (2001a). In addition, an extended intense circumstel-
lar component was found. Although the overall shape of
IRC+10420 is approximately spherical, signicant depar-
tures from that symmetry were detected; an inner bright
elongation and important ux deciencies in the southern-
most extended regions are very remarkable.
3. With an LVG code, we modeled the azimuth-averaged
brightness distributions obtained for each source. Episodes
of strong mass loss have been found to explain the detached
shells observed. The deduced mass-loss rates reach much
higher values (∼ 10−4 3 10−3 M yr−1) than usual in AGB
stars.
4. Similar episodic mass-loss processes have been found in
the two YHGs. Both sources experienced periods of en-
hanced mass loss and phases with a low or negligible mass-
loss rate. The characteristic times of these phases of mass
loss are a few thousands of years for both envelopes. Such
events may be part of the evolution of YHGs.
5. The YHG nature of AFGL 2343 has sometimes been ques-
tioned, mainly because its distance is poorly known (see
Sect. 1). The similarities found between the CO emis-
sion of IRC+10420 and AFGL 2343, in their extraordi-
nary kinematics, episodic mass-loss phases, and derived
time scales, support our assumption about the YHG na-
ture of AFGL 2343. In addition, note that the fast outows
in AFGL 2343 and IRC+10420 can be driven by radiation
pressure, contrary to what is found for fast winds in post-
AGB stars (B01).
6. It has been proposed that mass loss in YHGs can be due
to the presence of an instability region, called yellow void,
where the normal star pulsation is enhanced by a decrease
in the effective gravity force in the photosphere. It is not
clear whether this phenomenon could explain the heavy en-
velopes found around AFGL 2343 and IRC+10420, since
the periodicity of their mass loss is not well established and
the properties of the circumstellar medium in them are very
different from those of the unique YHG that has been pro-
posed so far as bouncing periodically against the yellow
void. It is conceivable that the mass ejection of our sources
could have been due to a particularly deep, but rare, en-
counter with the yellow void. But, as we have seen, radia-
tion pressure may also play a relevant role in the mass-loss
process, particularly in view of the efficient formation of
grains shown by their strong FIR emission. The meaning of
the existence of our particularly massive envelopes, within
the frame of the general properties of the YHG evolution,
therefore remains unknown.
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